Conductive elastomeric polyurethane (PU) nanocomposites reinforced with multiwall carbon nanotubes (MWCNTs) for the applications of strain sensor purpose have been synthesized via an in situ surface-initiatedpolymerization (SIP) method. The morphology of the nanocomposites with a variety of loadings of MWCNTs was investigated by scanning electron microscopy (SEM) and the corresponding chemical structures were studied by Fourier Transform Infrared Spectroscopy (FT-IR). Uniformly distributed MWCNTs were observed at different loadings, i.e., 1.0, 3.0 and 5.0 wt%. Improvements of thermal stability arising from the reinforcing MWCNTs in the nanocomposites were also observed from the test result of thermal gravimetric analysis (TGA). The values of dielectric property were observed to be in direct proportion to the MWCNTs loadings from 2 to 2 × 10 6 Hz and a unique negative permittivity was achieved in the nanocomposites with the highest MWCNTs loading of 10.0 wt% at lower frequency range from 2 to 2 × 10 2 Hz. Electrical conductivity study reveals that the resistance of the fabricated films decreased from the magnitude of 10 10 to 10 3 with increasing the MWCNTs loadings from 1.0 to 10.0 wt%. The nanocomposites displayed a good response of the conductivity change to the varying strain in the cyclic strain test, indicating a promising potential for strain sensor applications.
INTRODUCTION
The synthesis and utility of conductive strain sensors have attracted significant importance and interests from both academic and industrial fields for their promising potentials in not only non-live applications such as interactive electronics, implantable medical devices but also bio-live fields in robotic systems with human-like sensing capabilities applications. [1] [2] [3] [4] [5] Previous researches conclusion indicate that various materials can be utilized as the base matrixes of strain sensor, such as silicone, 6 ZnSnO 3 nanowires, 7 polypropylene 8 and so on. Elastomers like Vistamaxx 6102FL (VM1, ethylene content 16 wt%, propylene 84%) and Vistamaxx 6202FL (VM2, ethylene content 15 wt%, propylene 85%) reinforced by polyaniline, carbon nanofibers and single-walled carbon nanotubes have also been reported, respectively. 9 10 Generally, high conductivity and quick-precise response are key parameters for achieving strain sensors of desirable properties. 11 Parallelly, the durability is also a critical property for strain sensors since they are usually employed as long term or even semi-permanent parts in various equipments. 1 Since its first discovery, 1 2 remarkable emphasis and attentions had been raised to carbon nanotubes (CNTs) for their excellent electrical conductivity, 13 outstanding mechanical 14 and unique thermal properties. 15 From the point of chemical structure differences, CNTs are mainly divided into two categories: single-walled carbon nanotube (SWCNTs) and multi-walled carbon (MWCNTs). Due to a much broader radius distribution and significant enhancement in Young's modulus via increasing the layer, 16 17 multi-walled carbon nanotube (MWCNTs) have been studied for various applications. 11 18-21 Polyurethane (PU), due to its unique property as a commercial matrix base for many nanocomposites, has been widely studied in different fields such as coatings, paints, structural materials, elastomers and adhesives. [22] [23] [24] A combination of MWCNTs and PU had been studied in versatile fields. For instance, the combination of CNTs and PU has been utilized to improve the tensile strengths in mimicking the stiffness of natural tissues. 25 SWCNTs/PU was reported as strain measurement via strain paint corresponding to the spectral shifts of the nanotube near-infrared fluorescence peaks when the strains were applied. 26 
ARTICLE
The outstanding performance of microwave absorption from SWCNTs/PU nanocomposites resulted in its more broad applications in EMI shielding field. 27 However, the combination of PU and MWCNT in various nanoparticle loadings have rarely been studied for strain sensor area considering PU belongs to one type of elastomeric materials. 28 29 The major challenge would be the response speed, conductivity of the materials, the cycle period of the materials that can last during an industrial working condition and some other difficulties to overcome.
In the present work, a series of MWCNTs/PU nanocomposites with 1.0, 3.0, 5.0 and 10.0 wt% loading of MWCNTs were synthesized via a surface-initiatedpolymerization (SIP) method. 30 The morphology, FTIR (structures), thermal and dielectric properties were characterized. Completed polymerization has been obtained and good dispersion of MWNTs has been observed. Resistance-conductive property corresponding to the applied cyclic strain force is studied as well.
EXPERIMENTAL DETAILS

Materials
Tetrahydrofuran (THF, 99%) was purchased from Fisher Scientific. MWCNTs (SWeNTSMW 200X, average diameter: 10.4 nm; average length: 4.3 m) were provided by SouthWest NanoTechnologies, Inc. The raw materials for the preparation of polyurethane contained three parts: A (polyurethane STD-102, containing organotitanate), B (two-part monomers: diol and diisocyanate) and C (containing aliphatic amine, parachlorobenzotrifluoride and methyl propyl ketone in a liquid base), were supplied by PRCDesoto international, Inc. Part A and part C were applied as the accelerator and catalyst, respectively. All chemicals were used as received without any further purification. The procedure of synthesizing polyurethane is shown in Scheme 1.
Preparation of MWCNT/PU Sample
The MWCNTs/PU nanocomposites with a series of loadings were fabricated by a surface-initiated-polymerization (SIP) method. In a brief introduction, the synthesis procedures are as follow: MWCNTs that are specified weights were added to part B, the two-part monomers liquid (11.2 g) for overnight wetting to assure the dispersion. Then the nanoparticle and the two part liquid mixture was mechanically stirred for 15 min to obtain a better dispersion of MWCNTs. Part C (2 g) and part A
Two monomers in part B and the formation of polyurethane.
(1.8 g) were then introduced to the solution afterward followed by the mechanical stirring for 15 another minutes. When the suspension solution gradually became viscous, the solution was casted on a wafer carrier tray mold (Diameter: 69.95 mm, thickness: 4.25 mm) to form an evenly-balanced thin film. The casted solutions were cured in room temperature for seven days. The solid samples were obtained and then were further polished to avoid the random dent on the surface during the drying period. After that the round-shape sample was cut to a rectangle shape with the dimension of 43 mm length, 4 mm width and 0.6 mm average thickness. Before the strain sensor tensile test, the rectangle-shaped samples were given a permanent elongation to avoid the uneven deformation that may affect the tensile-resistance combined test results. This elongation value was set as from original 43 mm to final 80 mm, which percentile is from 100 to 186%.
Characterizations
The morphology was studied by a JEOL field emission scanning electron microscope, JSM-6700F. The chemical functional groups were analyzed via Fourier Transform infrared spectroscopy (FT-IR) spectrometer coupled together with an accessory in attenuated total resistance (ATR) (Bruker Inc. Vector 22) in the range from 4000 to 500 cm −1 at a 4 cm −1 resolution. The dielectric properties of MWCNTs/PU nanocomposites were performed by a LCR meter (Agilent E4980A) with the accessory of dielectric test fixture (Agilent, 16451B), and the carrying on range was between 2 × 10 6 Hz. The property of thermal stability of MWCNTs/PU was investigated by thermo gravimetric analysis (TGA, TA Instrument TGA Q-500) in the temperature range from 25 to 650 C and the heating ratio was 10 C/min under the gas condition of air and nitrogen, respectively.
The conductivity and resistance when performed the cyclic strain and recover was studied with the combination of a tensile test machine (ADMET tensile strength testing system 610) and a current monitoring instrument (Keithley 2400 SourceMeter. The parameters of tensile tests were controlled via a digital working station (MTESTQuattro) with MTESTQuattro ® Materials Testing and Running Software. The strain cyclic performance was carried out following the American Society for Testing and Material (ASTM, 2002, standard D882). The rectangular composite films were clamped on the tensile test clamper and was provided a specialized speed force to stress and recovered by the same speed. Figure 2 record the current change from 10 −10 to 10 −2 A, which corresponds to a resistance of 10 2 up 10
10
. The crosshead strain speed was set as 500 mm/min and the sample test cycle was set as 1000 cycles. Before cyclic tensile test, the film samples were given a permanent elongation of 186.04% to avoid the unexpected deformation, which may affect the obtained results. The above setting configuration and basic physical situation was show in Figure 1 .
RESULTS AND DISCUSSION
Structure and Morphology
SEM
The surface section cracks of the composite film were demonstrated in Figure 2 . In order to study the internal structure, the synthesized MWCNTs/PU composite films were frozen under the atmosphere of liquid nitrogen as the cross section of the fraction areas were more convenient to be observed under this situation.
The dots on those images represent that the dispersion of MWCNTs in polyurethane matrix. At lower loading, the dots were not too many from the images while with the increasing of MWCNTs loading, the dots became into some line-shape tubes, which represent unbroken MWCNTs. And under the SEM test condition, the samples were not as easy to wrack as the lower loading ones. This phenomenon was much more obvious when it come to the 5% MWCNTs/PU. A huge amount of tube-shapes MWCNTs were observed in some part of the product. And the unbroken MWCNTs were marked in tube-shape, which indicated the stronger interaction between MWCNTs with PU. Also, since the total MWCNTs loading had increased, the broken MWCNTs percentage would showed more than that in lower loading nanocomposites. The well dispersion could also be achieved from these images and the dispersion of lower MWNTs loading seems more random than higher MWCNTs loadings. This can be explained that the lower loading of MWCNTs/PU, the less inner action between each other. And when the loading rose up, more and more MWCNTs would interact with the matrix and entangled with itself. Besides, PU is usually considered as high viscosity materials, which could further prevent even dispersions of the MWCNTs. This structure character was the principal reasonable explanation and can be used to clear the atmosphere that occurred in the following investigations. Besides, for the MWCNTs/PU synthesized films, since there were no phase separations atmosphere occurred, the compatibility between MWCNTs and PU was proved, which was correspond to the previous SWCNTs/ PU composites study for their cross-link structure. 15 
FT-IR
The chemical structures of the nanocomposites were analyzed by FT-IR. Figure 3 shows FT-IR spectra of the MWCNTs, pure PU, 1% MWCNTs/PU, 3% MWCNTs/ PU, and 5% MWCNTs/PU. Consist with the previous results, no significant peaks were observed for MWCNTs, 31 and therefore all the peaks shown in the composites are mainly attributed to the PU base. A broad peak appeared at 3364 cm −1 indicated the vibration of functional group of -NH. 32 The peaks between 3000 and 2600 cm −1 are the characteristic bonds contributing from the symmetric and asymmetric stretching of -CH in -CH 2 and CH 3 . 33 The peak at 2919 cm −1 corresponds to the stretching vibrations of -CH 2 functional groups while the 2846 cm −1 peak illustrates the stretching of chemical bonds of -CH in -CH 3 groups, respectively. 33 34 The chemical bond vibration occurred at 1697 cm −1 represented the -C O functional groups. 35 The absorption at 1638 cm −1 corresponds to the urea linkage 36 and the peak at 1231 cm −1 indicates the -C O functional groups existing in the composites. 35 The characteristic peak of diisocyanate around 2270 cm −1 peak could not be observed in the composite, indicating a completed polymerization of diol and diisocyanate during the curing process. 37 38 
Dielectric Properties
The dielectric properties of the pure PU and MWCNTs/ PU nanocomposites were studied by a LCR meter. Figures 4(A) -(C) depicts the real permittivity ( ), imaginary permittivity ( ), and dielectric loss ( ) as a function of frequency in the range of 20 to × 10 6 Hz, respectively. In Figure 4 (A), significant enhancement in the is clearly seen from the composites when compared to the results of pure PU, and increases with the increasing of MWCNTs loadings in the composites. In low frequency, the composites exhibit a in a magnitude of 10 3 for 1.0 wt% MWNTs and 10 4 for 2.0 and 3.0 wt% MWNTs, respectively. Similar phenomenon had been observed from several presvious researches in poly(ethylene glycol), 39 polyaniline doped with -naphthalene sulphonic acid, 40 carbon nanotube network. 41 These results can be address as the following reason. When the conductive materials doped in the composite, the capability of electron localization and delocalization of the composites was enhanced. The high value of is due to the Maxwell-WagnerSillars effect, where charge carriers can be accumulated at the internal interfaces under an electric field. 42 At the same time, the decreases with increasing the frequency, which is due to the localization effect. At high conductive nanomaterials loadings, the insulated PU which were "physically wrapped" on the MWCNTs surface became thinner and were not strong enough to keep the charge carriers of the MWCNTs. 43 This phenomenon may also has another reason that the hindrance to the migrations of polarized segment, for instance, atoms, dipolar group, bonds and space charges between the interfaces under a specified external field, where the internal force was the major consumer of the absorbed energy during the orientation of polarized species.
The free electrons and the scattering dispersion of electrons during the movements attribute to the above phenomena as well. 44 And the more MWCNTs loaded on PU matrix, the decrease of it was larger at the final high frequency; the real permittivity of 5% MWCNTs/PU is the least stable product among the rest products from the point of decreasing real permittivity. Higher reduced value of real permittivity from 3% MWCNTs/PU and 5% MWCNTs/PU were achieved from the graph. This is because that higher loading of MWCNTs dispersion can carry more electrons and the PU has less interaction to hold the electrons corresponding to the loading, and the free-moving electron here is larger than higher loading ones. So the inner structure is more flexible corresponding to external electric field. This indicated that the constructed nanostructure is easily affected by the external electric field frequency disturbance especially when a moderate frequency adding to the product even though a seemingly-strong interaction had been visualized from previous SEM results. This phenomenon was also observed from the nanocomposites of carbon nanofiber loaded on elastomers (VM1,2). It is also interesting to acquire negative real permittivity during the sample test of 10% MWCNTs/PU at low frequency while at higher frequency the negative data disappeared, which was not shown here. This phenomenon had already been observed in plenty formal studies such as polypyrrole/Tungsten oxide metacomposites, 45 Magneto resistive polyaniline-magnetite nanocomposites, 46 carbon nanostructure-derived polyanilinemetacomposites, 10 polyaniline/Barium Titanatenanocomposites 47 nanopolyaniline/epoxy hybrid 48 and so on. Among these studies existence of negative permittivity are due to the continuous conductive network of the base matrixes, which is defined as percolation phenomenon. 9 So the 10% MWCNTs/PU occurred negative data also indicates the behavior of percolation phenomena. This effect is majorly because that higher loading MWCNTs results in the formation transition of PU and the loaded MWCNTs performed a long-range connection among the MWCNTs. 9 The higher loading introduced plenty of active interfaces between conductive MWCNTs and nonconductive polymer matrix PU and this is another reason for the percolation phenomenon. Figure 4 (B) shows the imaginary permittivity of all the fabricated products. This part is more stable than that in the real permittivity section. Corresponding to , also decreased when frequency was at a high level. From the definition of the complex permittivity 49 and imaginary permittivity, 
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Where j = −I 1/2 , = 2 f , donates the angular frequency of the supplied electric field, 0 ion is the dc ionic conductivity. The imaginary permittivity is attributed by conductivity of materials. That is why in the following section the conductivity also increased together with the MWCNTs loading, i.e., the conductivity is in proportion to the imaginary permittivity. Similar relaxation phenomenon was also observed in this section. Figure 4 (C) illustrates the dependence of the dielectric loss (tan , where tan = / ) as a function of frequency. The dielectric loss of all samples are well corresponded to the principle of permittivity, which is, the dielectric loss increased along with the increase loading of MWCNTs. Moreover, at the lower section of frequency the dielectric loss decreased regularly. However, for 5% MWCNTs/PU, the tan decreased dramatically among the frequency range from 2 to 10 5 Hz, and after that the dielectric loss began to increase and finally reached stable. 3% MWCNTs/PU also achieved stable dielectric loss at high frequency. This result also correspond to the delocalization of the nanocomposite and less ability of keeping electrons of the base matrix, indicating that the polymer matrix and the loading materials have been seriously impressed by the random dispersion and flexible structure between MWCNTs and PU. Figure 5 shows resistance trend of the MWCNTs/PU composites. The resistance was greatly reduced from 2 × 10 10 to 2.4 × 10 5 when the MWCNTs loading was increased from 1.0 comparing to 3% by over 5 orders of magnitude. The conspicuous results demonstrate a significant improvement of the conduct property, which has a strong relation to the dispersion of the conductive fillers in polymer base matrix. 9 21 51 52 And this huge gap also implied the phenomenon of percolation mentioned above. Since the long-range connection network can create an effective pathway provided almost from MWCNTs for the free electron transporting in the fabricated product, the formation of this interconnection between MWCNTs and PU also attribute to the sharp decrease of the resistance. With the loading of MWCNTs increasing, the interface between MWCNTs and PU has been significantly enhanced, so the accumulations of the charge carriers become easier than lower loading ones. What's more, higher loading can provide a higher possibility for MWCNTs, the conductive materials reach each other and a short distance among the MWCNTs, all of which can further reinforce the transportation of free electrons inside the product and finally decrease the resistance. 9 The conductivity and resistance of practical applied carbon nanotube is around 10 2 to 10 4 scale. 53 54 From the graph, the 5% and 10% nanocomposites (enhanced from 10 5 to 10 3 order of magnitude in resistance) can be developed for the further application in variety fields, which means this work has a strong connection direct to the large scale's application.
Electrical Conductivity
Thermal Gravimetric Analysis
The thermal stability tests of the MWCNTs/PU had been carried out under both air and nitrogen condition and the thermo grams are demonstrated in Figure 6 . There are plenty of researches concluding that with the nano filler such as graphene nanoplatelets, 55 nanoporous poly(methyl methacrylate)-quantum dots, 56 polyaniline, 57 layered double hydroxides 58 and 3-(hydroxyphenylphosphinyl)propionic acid (HPPPA) 59 loaded on the polymer base matrix, the thermal stability had been improved in different degree when comparing to pure polymers. The degradation stages of MWCNTs/PU can be roughly divided into two stages, I and II under air and nitrogen condition, respectively. In stage I the nanocomposites are, to a certain extent, thermally stable (during this region the slight change of weight percentage is attributed to the elimination of the impurity such as water, dust in the product 60 ) till the temperature reach the range of 260-270 C. The next major weight loss of the product occurred at the temperature range of 270-450 C is due to a large scale thermal degradation of the PU. 22 23 61 The decomposition of PU occurs in a two to three step process, 62 marked by arrows in the graph. The depolymerization of PU formedpolyol, isocyanate, primary or secondary amine, and olefin and carbon oxide. The degradation of stage I terminated at around 450 C because the matrix of PU reached its completed decomposition. Since one condition is air and the other is an inert atmosphere, the weight loss of air condition group sample had been directly to 0 while under the nitrogen gas the final would reach the inert composition of MWCNTs with variation of loadings. The phenomenon that with the increase of the MWCNTs the decomposition temperature of the composite slight increase, is obvious to observe from the curve under nitrogen condition, which indicates that the loading of MWCNTs formed the restriction for the movement of the PU chains and thus delay the decomposition of the nanocomposites. And this degradation thermo grams results also depicted that the SIP method can form stronger chemical bonds between the loading and the matrix, which can reinforce the thermal stability. 30 All of the above is corresponding to the conclusion that MWCNTs have positive effects on improving the thermal stability of MWCNTs/PU.
Strain Sensing Test
Piezoresistivity has been widely investigated with different nanoparticles loadings such as plenty type of CNTs, 11 63-65 CNFs 8 9 66 and so on. The continuous cyclic resistance change corresponding to the stretch and recover responding the continuous cyclic applied external force has been depicted in Figure 7 . From these figures, the piezoresistivity phenomenon is easy to observe from the 10 cycles in 1000 cycles per sample. The nanocomposites with 3% loading showed a response to the external applied force and each peak is corresponding to the sawtooth applied strain. Despite few cycle's resistance changed over other cycles, most of the responses demonstrate stable piezoresistivity properties of the MWCNTs/PU nanocomposites. The precise sawtooth length choice is under serious considered since either larger or smaller strain percentage would cause unexpected condition happened similar to some pretreatment, initial cycling. 67 In general, the pretreatment can be separated into three sections: crack opening, elastic deformation and damage accumulation. 9 The graphs shows that with the loading at 3%, the resistance of the nanocomposites is at around 10 5 order of magnitude range while when it comes to 5% loadings MWCNTs/PU, the resistance decreased to 10 4 orders of magnitude, indicating an improvement of the conductivity The most significant decrease of conductivity occurred in 10% MWCNTs/PU, and the stretch and recover resistance demonstrate a much better responding to the applied force. All the major peaks and major troughs have a better response comparing to 3% and 5% loading nanocomposites, indicating a well functional elastomeric conduct polymer has been synthesized.
CONCLUSION
A series of MWCNTs/PU nanocomposites had been synthesized via the SIP method with 1, 3, 5 and 10% loading of MWCNT. By introducing nanoparticles, thermal stability had been improved and conductivity of nanocomposites has also been reinforced. The resistances of the synthesized products were decreased drastically from over 10 10 straightly down to 10 3 . 1, 3, and 5% loading MWCNTs achieved positive permittivity while only 10% MWCNTs/PU had a negative permittivity value, which has an acceptable reflect of the percolation effect. Both real and imaginary permittivity, especially in high frequency, higher loading MWCNTs obtained higher value. A controlled range of the strain for the stretch/recovery test had been carried out. The stable performances in these tests also indicate these electrically conductive polymer nanocomposites can be applied as strain sensors with precisely change of the external supplied force to the nanocomposites. 
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